Our laboratory has investigated hepatocyte transplantation using biodegradable polymer matrices as an alternative treatment to end-stage liver disease. One of the major limitations has been the insufficient survival of an adequate mass of transplanted cells. This study investigates a novel method of dynamic seeding and culture of hepatocytes in a flow perfusion system. In experiment I, hepatocytes were flow-seeded onto PGA scaffolds and cultured in a flow perfusion system for 24 h. Overall metabolic activity and distribution of cells were assessed by their ability to reduce MTT. DNA quantification was used to determine the number of cells attached. Culture medium was analyzed for albumin content. In Experiment II, hepatocyte/polymer constructs were cultured in a perfusion system for 2 and 7 days. The constructs were examined by SEM and histology. Culture medium was analyzed for albumin. In experiment I, an average of 4.4 3 10 6 cells attached to the scaffolds by DNA quantification. Cells maintained a high metabolic activity and secreted albumin at a rate of 13 pg/cell/day. In experiment II, SEM demonstrated successful attachment of hepatocytes on the scaffolds after 2 and 7 days. Cells appeared healthy on histology and maintained a high rate of albumin secretion through day 7. Hepatocytes can be dynamically seeded onto biodegradable polymers and survive with a high rate of albumin synthesis in the flow perfusion culture system.
INTRODUCTION E
AC H Y EA R 26,000 people die of end-stage liver disease (ESLD) in the United States with an estimated annual cost of $9 billion. 1 Liver transplantation is currently the only established successful treatment for ESLD. The severe scarcity of donor organs, especially in the pediatric population, has become a major limitation and has stimulated investigation into selective cell transplantation. 2, 3 Using the principles of tissue engineering, our laboratory has investigated hepatocyte transplantation using three dimensional biodegradable polymer matrices (3DP) as a novel approach to the treatment of ESLD. 4, 5 To be successful, several achievements must be made, including: (a) sufficient mass of transplanted cells must become engrafted, (b) hepatocyte survival must be maintained, (c) transplanted cells must proliferate, (d) transplanted cells must remain functional, and (e) ongoing hepatotrophic stimulation from the portal circulation must be provided.
Previous studies performed in this laboratory have demonstrated survival of hepatocytes transplanted on biodegradable polym er discs in peripheral tissue sites, 6, 7 improvement in engraftment and survival of transplanted hepatocytes with hepatotrophi c stimulation using portacaval shunt and partial hepatectomy, [8] [9] [10] partial correction of single enzyme liver defects, 11 and total correction of hyperbilirubin emia in the rat model with 10-15% of the normal liver mass. 12 One of the major limitations has been the insufficient survival of an adequate mass of transplanted cells to permanently correct defects in liver function. We hypothesized that the limitations of oxygen/nutrient diffusion and waste exchange are critical factors for the highly metabolically active cells during the initial posttransplantation period. To address this issue, we have designed and fabricated a complex 3DP with an intrinsic network of interconnected channels. 13, 14 Preliminary studies have demonstrated successful attachment of hepatocytes on the complex polymer scaffold in large numbers and survival with a high rate of albumin production under flow conditions compared to static conditions in vitro. 14 Recently, significant improvements in cell attachment and function have been demonstrated using dynamic seeding techniques for a variety of cells. [15] [16] [17] The purpose of the current study was to investigate a novel method of dynam ic hepatocyte seeding onto 3DP and to examine the survival and function of hepatocytes in a flow perfusion culture system.
MATERIALS AND METHODS

Animals
In-bred, male, Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 150-300 g were used in all experiments. Animals were housed in the Animal Research Facility of Children's Hospital, Boston, Massachusetts, in accordance with NIH guidelines for the care of laboratory animals. Rats were maintained in a temperature-regulated environment on a 12-h light/dark cycle and given access to rat chow and tap water ad libitum .
Polymer Fabrication
Microporous three-dimensional synthetic biodegradable polymer tubes were fabricated from nonwoven sheets of polyglycolic acid (PGA) fibers (fiber diameter, 12 m m; mesh thickness, 2 mm; bulk density, 60 mg/cm 3 ; porosity, 96%; mean pore size, 250 m m; Smith and Nephew, Heslington, York, U.K.) sprayed on the outer surfaces with a 5% solution of polylactide-co-glycolide (PLGA, 85:15; Medisorb, Cincinnati, OH) as previously described. 18 
Flow Perfusion Culture System
A flow perfusion culture system created in our laboratory was modified using three-way stopcocks to allow the addition of dynamic cell-seeding loops in-line with the culture loops. The culture medium was pumped at a flow rate of 1.5 mL/min from a 100-m L reservoir, through the oxygenation tubing and the cell/polymer construct housing unit, and recirculated back to the reservoir. The flow rate needed for cell survival was estimated based on cell mass and reported values for nutrient consumption. The entire seeding/perfusion unit was sterilized by autoclave and maintained at 37°C with 5% CO 2 supplementation.
Cell Isolation
Adult, male Lewis rats were used as cell donors. Hepatocytes (HC) were isolated using a modification of the two-step collagenase perfusion procedure as previously described. 19 Cell counts and viability were determined using trypan blue exclusion test.
Flow Seeding/Flow Perfusion Culture
Isolated HC were resuspended in warmed chemically defined hepatocyte growth medium (HGM) supplemented with epidermal growth factor (EGF; Collaborative Biomedical Products, Bedford, MA) as previously described 20 at a density of 5 3 10 6 cells/mL. Twenty-five milliliters of the cell suspension was placed in the reservoir bottle, and the HC were suspended in culture medium using a magnetic stir bar and stirrer at 110 rpm. HC were flow-seeded onto the 3DP placed within the construct housing unit at a flow rate of 1.5 mL/min for 4 h. After the flow-seeding period, the reservoir bottle containing the cell suspension was replaced with fresh warmed culture medium and the loops flushed for 30 min to remove any excess cells. After the flush period, the reservoir bottles were replaced again with fresh warmed HGM for flow perfusion culture.
Study Design
Experiment I. HC were flow-seeded onto 3DP (n 5 12) for 4 h. After the seeding and flushing period, HC were cultured under flow conditions for 24 h in 50 mL of fresh warmed culture medium. After 24 h, the culture medium was analyzed for albumin by enzyme-linked immunosorbent assay (ELISA) as previously described, 14 and the reservoir bottle was replaced with fresh warmed culture medium containing 1% 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT: Sigma Chemical Co., St. Louis, MO) to assess general metabolic activity and distribution of HC. HC were incubated in MTT solution under flow conditions for an additional 12 h. All constructs were harvested after the MTT incubation period and homogenized. DNA content was measured by the diphenylamine method as previously described. 21, 22 HC suspensions of varying cell concentration were used as standards to derive the number of cells attached to the 3DP.
Experiment II. HC were flow-seeded onto 3DP for 4 h. After the seeding and flushing period, HC were cultured under flow conditions for 2 days (group A, n 5 8) and 7 days (group B, n 5 4). Constructs in group A were harvested after 2 days and processed for scanning electron microscopy (SEM) and histology as previously described.
14 Culture medium was analyzed for albumin by ELISA. Constructs in group B were harvested after 7 days of perfusion culture and processed for SEM and histology. Culture medium in Group B was replaced after the first 24 h, then every 48 h thereafter. Culture medium was sampled at days 3, 5, and 7 for albumin content.
RESULTS
Polymer Scaffold Fabrication
The 3DP were fabricated in the shape of a tube with dimensions of 5-mm outer diameter, 2-mm inner diameter, and 5-mm length, with a microporosity of 96% and average micropore diameter of 250 m m. The outer surface coating of PLGA provided structural integrity to the polym er tube.
Flow Perfusion Culture System
The flow rate needed for cell survival was estimated based on reported values for nutrient consumption and cell mass. Under standard culture conditions, oxygen becomes the limiting nutrient. The volumetric oxygen consumption rate (Q O2 ) is approximately 2-6 3 10 2 5 mmol/cm 3 cell mass-second for metabolically active cells. 23 The 3DP contains , 30% by volume cells after cell seeding, and the scaffold void volum e (V) is 0.079 cm 3 . We specified that the oxygen concentration should not decrease more than 50% from the inflow to the outflow of the cell/polymer housing unit. The flow rate (F) needed to maintain the specified oxygen concentration after cell seeding is thus estimated by: F 5 (0.3)(V)(Q O2 )/(0.5)(C O2 inflow ), for a given value of inflow oxygen concentration (C O2 inflow ). The oxygen concentration in the 5% CO 2 /humidified airsaturated culture medium at 37°C is 1.6 3 10 4 mmole/mL. Therefore, the flow rate needed for survival of the initial cell mass is estimated to be at most 1 mL/min. The flow rate in our perfusion system was set at 1.5 mL/min to ensure adequate oxygen delivery.
DYNAMIC SEEDING AND IN VITRO CULTURE OF HEPATOCYTES
Cell Isolation
All cell isolations yielded 4-7 3 10 8 HC per isolation with greater than 85% viability. The viability of HC in the culture medium after 4 hours of dynam ic seeding remained greater than 75%.
Specimen Analysis
Experiment I. The general metabolic activity and distribution of HC were assessed by the ability of live cells to reduce MTT. HC maintained high metabolic activity in all of the cell/polymer constructs as demonstrated by prominent staining after incubation in MTT. Live HC were uniformly distributed throughout the 3DP on gross examination. After 4 h of dynam ic seeding and 24 h of flow perfusion culture, the mean number of HC attached to the 3DP was calculated to be approximately 4.43 6 1.3 3 10 6 cells by DNA quantification. Albumin secretion was calculated to be approxim ately 13 6 4 pg/cell by ELISA.
Experiment II. SEM demonstrated successful attachment of large numbers of HC on the surfaces of the PGA fibers within the 3DP after 2 and 7 days in flow conditions (Fig. 1) . SEM confirmed the uniform distribution of HC on the inner surfaces, outer surfaces, and through the bulk of the polymer scaffold. Histology demonstrated viable HC distributed throughout the polym er scaffold, maintaining both cell-cell and cell-matrix interactions after 2 and 7 days. Based on the calculated number of hepatocytes attached to the 3DP (4.43 3 10 6 cells) derived from experiment I, albumin secretion was calculated to be approximately 9 6 3 pg/cell/day at day 2 for constructs in group A; and 6.2 6 3 pg/cell/day at day 3; 13.1 6 12 pg/cell/day at day 5; and 17.2 6 13 pg/cell/day at day 7 for constructs in group B.
DISCUSSION
Our laboratory has been investigating heterotopic hepatocyte transplantation using three-dimensional synthetic biodegradable polymer matrices as a novel approach to the treatment of end-stage liver disease. One of the major limitations has been the insufficient survival of a large number of transplanted hepatocytes to permanently replace liver function. We have hypothesized that the limiting factor may be the inadequate diffusion of oxygen and nutrients to the cells on the polymer matrix initially after implantation until adequate neovascularization has occurred. To address this issue, we have fabricated complex three-dimensional biodegradable polym er scaffolds with a high surface area-to-volume ratio and microporosity. In this study, we have investigated a novel method of dynamic hepatocyte seeding and flow perfusion culture, and demonstrated the attachment, survival, and function of hepatocytes on the complex polymer scaffolds under flow conditions.
Previous studies performed in this laboratory have demonstrated survival of hepatocytes transplanted on thin polym er discs in peripheral tissue sites such as the omentum, mesentery, and subcutaneous tissue, and the partial correction of single enzyme liver defects. The main obstacle has been the survival of only a small number of the transplanted cells. Recently, we have fabricated highly porous three-dimensional polym er scaffolds and demonstrated improved hepatocyte function on these matrices when cultured under flow conditions. The larger size and the high porosity of these devices contribute a much larger surface area for cell attachments compared to the previously studied polym er discs. The three-dimensional design provides a structural template to guide cellular organization, enhance neovascularization, and increase the capacity for oxygen/nutrient delivery. Conditioning the cells in a flow perfusion system in vitro may provide important cues for cell-cell and cell-matrix interaction and remodeling.
Optimization of hepatocyte seeding onto these polymer devices is critical for maximizing the mass of cells that can be transplanted and for uniformly distributing the cells throughout the polym er scaffold. Many investigators have demonstrated the beneficial effects of dynam ic seeding techniques in regards to cell attachment, uniform cell distribution within the polym er, and long-term survival and function in a variety of cell types. In the current study, we have designed a simple system for dynamic hepatocyte seeding, demonstrated successful attachment and uniform distribution throughout the polymer scaffold, and survival of a large number of cells after 7 days of flow culture. In addition, the hepatocytes demonstrated an increasing rate of albumin synthesis over the culture period from 6.2 pg/cell/day to 17.2 pg/cell/day. The rate of albumin secretion in the normal rat liver in-vivo has been estimated to be approximately 140-170 pg/cell/day. 24, 25 Although our values of albumin secretion are significantly lower than in vivo liver rates, they are comparable to rates reported in other studies investigating long-term hepatocyte culture and extracorporeal liver assist devices. [26] [27] [28] [29] [30] More importantly, however, while most studies report a trend of declining rates of albumin secretion over time, the current study has demonstrated a nearly threefold increase in albumin secretion rate over the culture period. Continued investigation into the optim ization of the polymer scaffold, the dynamic hepatocyte seeding parameters, and long-term in vitro culture under flow conditions may yield many insights into the mechanisms involved in tissue morphogenesis and regeneration, and may ultimately lead to the development of a permanent implantable device to replace liver function.
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